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Ferro- and ferrimagnetic nanoparticles are difficult to manipulate in solution as a consequence of the formation of
magnetically induced nanoparticle aggregates, which hamper the utility of these particles for applications ranging from
data storage to bionanotechnology. Nonmagnetic shells that encapsulate these magnetic particles can reduce the
interparticle magnetic interactions and improve the dispersibility of the nanoparticles in solution. A route to create
uniform silica shells around individual cobalt ferrite nanoparticles—which uses poly(acrylic acid) to bind to the
nanoparticle surface and inhibit nanoparticle aggregation prior to the addition of a silica precursor—was developed. In
the absence of the poly(acrylic acid) the cobalt ferrite nanoparticles irreversibly aggregated during the silica shell
formation. The thickness of the silica shell around the core—shell nanoparticles could be controlled in order to tune the
interparticle magnetic coupling as well as inhibit magnetically induced nanoparticle aggregation. These ferrimagnetic
core—silica shell structures form stable dispersion in polar solvents such as EtOH and water, which is critical for

enabling technologies that require the assembly or derivatization of ferrimagnetic particles in solution.

Introduction

Magnetic nanoparticles (MNPs) represent a set of unique
building blocks whose size and composition are tunable to meet
the requirements for a range of applications including magnetic
fluids," catalysis,2 data storage,3 biomedicine,* and toxic waste
remediation.” While single domain MNPs can maintain ferro-
magnetic or ferrimagnetic properties that are suitable for mag-
netic recording technologies, the particles become superpara-
magnetic as their diameter continues to decrease. In contrast to
superparamagnetic nanoparticles (SPMNPs), ferri- and ferro-
magnetic nanoparticles (FMNPs) have a stable magnetic dipole
moment at a given temperature in the absence of an external
magnetic field. Thus, unlike SPMNPs, FMNPs are subject to
strong interparticle magnetic coupling interactions or magneti-
cally induced particle aggregation even in the absence of an
external field.® A signficant challenge to utilizing ferri- and
ferromagnetic MNPs for materials applications is the inherent
aggregation of particles which takes place as a result of inter-
particle magnetic attractive forces. Solution-based processing
of FMNPs is appealing—for instance, for magnetic recording
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applications—yet the formation of high-quality dispersions is
difficult, motivating the development of new strategies to mod-
erate inteparticle forces.

Surface coating of FMNPs with a nonmagnetic shell represents
an appealing route to reduce interparticle magnetic forces and
minimize their aggregation.”* ° For example, Pyun and co-work-
ers demonstrated that core—shell structures comprised of a ferro-
magnetic core and a nonmagnetic polystyrene corona afforded
stable colloids in a variety of organic solvents over a period of
several months. The core—shell composites assembled into one-
dimensional magnetic structures, wherein the polymer-coated
cobalt nanoparticles were organized into extended chainlike struc-
tures spanning several micrometers in length.

Alternatively, magnetic core—shell structures with a silica or an
organosilicate corona provide a means to surround magnetic
nanoparticles with a robust nonmagnetic coating. Strategies that
use silica shells, including those that employ layer-by-layer assem-
blies to form silica shells, " ™ offer several advantages, including (1)
the ability to control the thickness of the shell and thereby control
the spacing between the MNPs and (2) a highly robust inorganic
coating that can be covalently functionalized at the periphery with
organic substituents. Protocols for the encapsulation of individ-
ual SPMNPs (at room temperature) with a silica shell have been
reported;® however, these methods are not suitable for FMNPs (at
room temperature). The encapsulation of FMNPs with a discrete
silica shell is hampered by the strong magnetic attractive forces
between nanoparticles. Aggregation of the particles—both prior
to and during the silica growth step—leads to the formation of
nonuniform shells around particle clusters which hinders the pro-
duction of monodisperse samples. Korgel and co-workers reported
a strategy that allowed the formation of uniform silica shells
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around individual ferromagnetic FePt MNPs without magnetically
induced aggregation of the particles.” In this process, the silica shell
was first grown around superparamagnetic FePt particles (in their
disordered fcc alloy phase) prior to thermally annealing to trans-
form the FePt into its ferromagnetic intermetallic phase. This
process is specific for FePt-containing core—shell structures and is
not necessarily suitable for other FMNPs of other compositions.

Among ferrite materials,'™!" ferrimagnetic cobalt ferrite
(CoFe,0,4) nanoparticles with an inverse spinel structure are of
particular interest as a consequence of their ease of synthesis via
colloidal methods, remarkable chemical stability, excellent me-
chanical strength, high magnetocrystalline anisotropy, and mod-
erate saturation magnetization.'? The solution phase synthesis of
CoFe,O4 MNPs with uniform size and morphology has pro-
gressed significantly during the past decade.'™"* One of the most
commonly used methods is the thermal decomposition of Fe-
(acac); and Co(acac), precursors in the presence of oleic acid
surfactant in a high boiling point solvent such as benzyl ether. The
magnetic properties of CoFe,O4; MNPs can be tuned from
superparamagnetic to ferrimagnetic at room temperature by
increasing the diameter of the MNPs."* The as-synthesized
CoFe,O4 MNPs are protected by oleic acid surfactants on the
surface, which afford the nanoparticles dispersibility in nonpolar
solvents such as hexane. However, in our experience, small
molecule surfactants are not suitable for stabilizing CoFe,O4
MNPs which are ferrimagnetic (> ~16 nm) at room temperature.
Over time, the ferrimagnetic particles irreversibly aggregate and
ultimately precipitate from solution as a result of the strong
magnetic forces which exist between neighboring MNPs. Herein,
we describe a method to construct uniform silica shells around
individual ferrimagnetic CoFe,O, nanoparticles which effectively
inhibit particle aggregation and moderate the magnetic coupling
interaction between neighboring nanoparticles.

Experimental Section

Materials. Cobalt(II) acetylacetonate (97%), iron(I1I) acet-
ylacetonate (99.99%), oleic acid (90%), oleylamine (90%), 1,2-
hexadecanediol (90%), poly(acrylic acid) (MW = 1800), benzyl
ether (99%), tetraethyl orthosilicate (99.99%), and ammonium
hydroxide (30 wt %) were obtained from Sigma-Aldrich. Hexane,
ethanol, and tetrahydrofuran were purchased from J.T. Baker.
All the chemicals were used as received without any further
purification.

Synthesis of 6 nm Oleic Acid-Protected CoFe,O4 Nano-
particles. The CoFe,O, MNPs were prepared using an adapta-
tion of the procedure reported by Sun et al.'! Briefly, 2 mmol of
Fe(acac)s, ] mmol of Co(acac),, 10 mmol of 1,2-hexadecanediol, 6
mmol of oleic acid, 6 mmol of oleylamine, and 20 mL of benzyl
ether were combined and mechanically stirred under a flow of N,.
The mixture was heated to 200 °C for 2 h and then, under a
blanket of N», heated to reflux (~300 °C) for 1 h. The black
mixture was cooled to room temperature by removing the heat
sources. Under ambient conditions, 40 mL of ethanol was added
to the mixture, and a black material was precipitated and
separated via centrifugation at 6000 rpm for 10 min. The super-
natant was decanted, and the black precipitate was dissolved in
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hexane with 0.1% oleic acid. The mixture was centrifuged at 6000
rpm for 10 min, and the supernatant was decanted again. The
product was then precipitated with ethanol, centrifuged and
decanted to remove the solvent, and then dried in vacuum over-
night. The average diameter of the CoFe,O4 nanoparticles was
6 nm with a narrow size distribution as determined by TEM.

Synthesis of 18 nm Oleic Acid-Protected CoFe,O4 Nano-
particles. The as-synthesized 6 nm CoFe,O4 nanoparticles were
further used as seeds to grow larger particles. Typically, 2 mmol of
Fe(acac)s;, 1 mmol of Co(acac),, 10 mmol of 1,2-hexadecanediol,
2 mmol of oleic acid, 2 mmol of oleylamine, and 20 mL of benzyl
ether were mixed and mechanically stirred under a flow of N». A
solution of the synthesized 6 nm CoFe,O4 MNP hexane solution
(6 mL, 15 mg/mL) was added to the reaction. The mixture was
first heated to 100 °C for 30 min to remove hexane and then
increased to 200 °C for 1 h. Under a blanket of N, the mixture was
further heated to 300 °C for 30 min. Following the same workup
procedures as above, the monodispersed CoFe,O,4 nanoparticles
with a diameter of 15 nm were obtained. The particle growth
procedure was repeated one additional time using the 15 nm
MNPs as seeds to prepare 18 nm monodisperse CoFe,O4 MNPs.

PAA Coating of Oleic Acid-Protected 18 nm CoFe,Oy4
MNPs. In a glass vial under ambient conditions, | mL of PAA
(MW = 1800 g/mol) solution in THF (10 mg/mL) was added to a
hexane dispersion of the 18 nm fresh prepared CoFe,O, MNPs
(10 mg in 10 mL). The mixture was shaken for 2 h with occasional
sonication. The modified particles were separated with a magnet,
and the solvent was decanted. The particles were washed three
times with hexane and methanol to remove the free oleic acid and
excess PAA polymers. The washed particles were dispersed in
aqueous solution by ionizing the carboxylic groups with a dilute
NaOH solution.

Silica Coating of PAA-Modified CoFe,O4 MNPs. The
PAA-modified CoFe,O4 MNPs in aqueous solution (1.5 mL) was
diluted with ethanol (10 mL) and ammonium hydroxide (30 wt %,
400 uL) with vigorous mechanical stirring. A TEOS solution in
ethanol (200 «L, 10 mM) was added to the mixture every 2 h until
the total amount of TEOS solution reached 1 mL. After obtaining
the desired size, the silica-coated CoFe,O4 MNPs were collected
by magnetic separation, washed with ethanol three times, and
finally dispersed in ethanol for further characterization.

Characterization Methods. Fourier transform infrared spec-
tra (FT-IR spectra) of the CoFe,O4 MNPs were recorded on a
Thermo Nicolet NEXUS 670 FT-IR. Thermal gravimetric anal-
ysis (TGA) was performed under a nitrogen atmosphere at a
heating rate of 10 °C/min using a Perkin-Elmer TGS-2 instru-
ment. Transmission electron microscopy (TEM) images were
recorded on a Philips CM 12 TEM (120 kV). A drop of CoFe,Oy4
MNP solution was placed onto a carbon-coated copper grid and
left to dry at room temperature. Magnetic measurements were
carried out using an ADE Technologies DMS Model 10 vibrating
sample magnetometer (VSM).

Results and Discussion

Monodisperse samples of CoFe,O4 nanoparticles were synthe-
sized using an adapted version of the procedures reported by Sun
and co-workers.!! In this process, 6 nm diameter seed particles
were first synthesized and then used to nucleate the formation of
larger particles until the desired diameter was obtained (18 nm).
Analysis of the 6 and 18 nm particles by vibrating sample magnetom-
etry (VSM) at room temperature demonstrated that the samples
were superparamagnetic and ferrimagnetic, respectively (Support-
ing Information Figure S1). The 18 nm ferrimagnetic particles
behave as nanomagnets with, for a random assembly of these
particles, a coercivity of 739 Oe at ambient temperature. The 6 nm
particles can easily be encapsulated with uniform silica coatings
(Figure la, see also Supporting Information Figure S2) using
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Figure 1. (a) Formation of silica shell around individual Co-
Fe,O4 SPMNPs. (b) The same conditions used for the SPMNPs
were not effective for encapsulating FMNPs with uniform silica
shells. (¢) Method used for encapsulating FMNPs with uniform
silica shells by first reacting the particle surface with PAA and
then exposing to TEOS.

Figure 2. Image showing the change in solubility of the CoFe,Oy4
FMNPs before (left) and after (right) treatment with PAA. The top
layer is hexane, and the bottom layer is water.

TEOS as the SiO, source in a reverse microemulsion process.™
However, under the same conditions, the larger ferrimagnetic
nanoparticles immediately precipitated from the reaction mixture
upon the addition of TEOS (Figure 1b). Magnetically induced
aggregation likely occurs as the TEOS reacts with the particle
surface and displaces the oleic acid surfactants.

In order to prevent the aggregation of the CoFe,O4 nanopar-
ticles during the silica coating process, we employed a ligand
exchange method that uses poly(acrylic acid) (PAA) to replace the
oleic acid surfactants on the particle surface (Figure Ic). In a
typical process, a hexane solution containing oleic acid-protected
CoFe>O4 FMNPs was combined with a THF solution of PAA.
The solution became turbid immediately, indicating the occur-
rence of the ligand exchange process. The oleic acid surfactants on
the particle were replaced by carboxylic acid groups of the PAA
chain, which bound the MNP surface in a multivalent manner.
After washing the MNPs with copious amounts of hexane and
methanol to remove the free oleic acid surfactant and residual
unbound PAA, the hydrophilic PAA-modified CoFe,O4 nano-
particles were dispersed in an aqueous ethanol solution. The
absence of any precipitation indicates successful ligand exchange
of PAA for oleic acid on the particle surface. As shown in
Figure 2, the CoFe,O4 FMNPs now have a hydrophilic surface
and have phase transferred from hexane to water as a result of the
exchange process. The aqueous solution of PAA-modified Co-
Fe,O4 nanoparticles is stable when the pH value is above 7. No
obvious change was observed after storing the sample for more
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Figure 3. FT-IR spectra of CoFe,O4 MNPs (18 nm) before and
after PAA modification.

than 3 months under ambient conditions. Compared to other
reported ligand exchange processes, ' this approach has a number
of unique advantages. First, the PAA polymer chains bind to the
nanoparticle surface through multiple anchoring points, provid-
ing a more robust surface adsorption than that achievable with a
small molecule that has only one binding group. Second, the
attached polymer chains are well suited to sterically stabilize
FMNPs relative to small molecule surfactants. Third, the abun-
dant uncoordinated acid groups on the PAA chain provide
aqueous solubility.

Fourier transform infrared (FT-IR) spectroscopy was utilized
to characterize the functional groups present on the particle
surface after the PAA ligand exchange as shown in Figure 3.
The oleic acid-protected CoFe,O4 FMNPs showed strong CH,
bands at 2923 and 2852 cm™~' which are associated with the
methylenes present in oleic acid. The bands at 1545 and 1415¢m ™!
can be assigned to the antisymmetric and symmetric vibration
modes of the carboxylate groups, indicating the adsorption of
oleic acid onto the particle surface. A similar spectrum was
observed when oleic acid surfactants were adsorbed onto iron
oxide particle surfaces.'® After the ligand exchange with PAA, a
new band corresponding to the stretching mode of —COOH
groups appears at 1720 cm ™', In addition, the bands at 2922 and
2853 cm™ ! associated with the oleic acid methylenes decreased
after ligand exchange process. These observations strongly sug-
gest that PAA chains were successfully attached onto the particle
surface in place of oleic acid surfactants.

Thermogravimetric analysis (TGA) measurements were con-
ducted (Figure 4) to determine quantitatively the PAA density
adsorbed onto the particle surface. The oleic acid-protected Co-
Fe,O4 MNPs show a strong primary mass loss at ~280 °C followed
by a second transition for mass loss at 400 °C. The 13% total
weight loss which spans from 200 to 550 °C is attributed to the
desorption of oleic acid and is in agreement with the values
reported in the literature.”™ The TGA of the PAA-modified
CoFe,04 MNPs showed a mass loss of 25% in the same tempera-
ture range which is ascribed to the decomposition of PAA. With an
average particle size of 18 nm and cobalt ferrite density of 5.15 g/
em’, we can further estimate that the number of PAA chains
attached to the surface was on average 1750 per nanoparticle.
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TEM images further confirmed that the MNP core does not
change after PAA ligand exchange. As shown in Figure 5a, the
oleic acid-protected ferrimagnetic CoFe,O4 nanoparticles are
spherical with a narrow size distribution and have an average
diameter of ~18 nm. Figure S4 (Supporting Information) shows a
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Figure 4. TGA thermogram of CoFe,O, MNPs before and after
PAA modification.
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typical TEM image of the PAA-modified CoFe,O4 nanoparticles.
The polymer-coated MNPs remain monodisperse in size with no
obvious shape change or aggregation of particles.

We became interested in uniform silica coatings around Co-
Fe,O4 FMNPs (CoFe,04@SiO,) with controlled shell thickness
as a method not only to improve the dispersibility of the particles
in solution but also to tailor interparticle magnetic coupling
interactions, which is known to depend upon the distance between
nanoparticles.'” A critical step toward uniform silica coatings was
to transform the hydrophobic (as-synthesized) nanoparticles into
hydrophilic PAA-coated MNPs that are soluble in polar ethanolic
solutions. Following the formation of the water-soluble PAA-
coated CoFe,O4 MNPs, the Stober process was employed in
order to condense a uniform silica shell onto the MNP surface.'®
Well-defined silica shells were formed around the individual
CoFe,04 nanoparticles when TEOS was added dropwise to a
stirring solution of the PAA-modified CoFe,O, nanoparticles.
Figure 5b is a typical TEM image of CoFe,04@SiO, nanopar-
ticles which shows a silica layer with an average thickness of 10 nm
was coated uniformly around each MNP, and empty silica
particles were not observed. The core diameters of CoFe,O4@-
SiO, MNPs and the original oleic acid-protected CoFe,O4 MNPs
were identical (18 nm), which indicates that the structure of

Figure 5. TEM images of the (a) oleic acid-stabilized CoFe,O4 FMNPs, (b) CoFe,04@ SiO, core—shell particle with a 10 nm shell, and (c, d)

CoFe,04@SiO, core—shell particles with a 20 nm shell.
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Figure 6. (a) Hysteresis loops measured by VSM (298 K) of the
oleic acid-stabilized CoFe,O4 FMNPs and CoFe,O4@SiO, core—
shell particles. (b) AM curves for measuring the interparticle
magnetic coupling of the oleic acid-stabilized CoFe,O, FMNPs
and CoFe,04@Si0; core—shell particles.

MNPs remained intact during the silica coating process. Graf et
al. previously reported that if the total surface area of the seed
particles per volume is large enough compared to the concentra-
tion of TEOS, the formation of new silica particles can be
completely suppressed and therefore the thickness of the silica
shell can be precisely controlled by the added amount of TEOS."”
The thickness of silica layer on the particle surface could further
be increased to 20 nm by repeated addition of TEOS to a solution
of CoFe,04@SiO, nanoparticle solution, as shown in Figure 5S¢
and 5d. The CoFe,0O4@SiO, FMNPs were purified by several
washing and magnetic separation steps, which likely removed any
empty silica particles that may have formed during the reaction.

In order to study the magnetic behavior of CoFe,O4 FMNPs
before and after silica coating, magnetic hysteresis loops and
remanence curves were measured using a vibrating sample mag-
netometer (VSM) (Figure 6a). The hysteresis loop shows that the
18 nm oleic acid-protected CoFe,O, nanoparticles have sufficient
magnetocrystalline anisotropy to be ferrimagnetic at 298 K. The
coercivity of a random assembly of FMNPs is ~739 Oe, and the
saturation of magnetization is 73.6 emu/g, which is in agreement
with literature values.!' The squareness of the hysteresis loop is
about 0.45, consistent with a three-dimensional random distribu-
tion of the easy axes. The saturation magnetization decreased
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further to 59.5 emu/g upon coating with a 10 nm silica shell while
the coercivity value increased to 832 Oe. The saturation magne-
tizaton further decreased to 12.6 emu/g, and the coercivity value
remained at 832 Oe when the silica shell increased to 20 nm. The
reduction of saturation magnetization is a consequence of the
increased mass of the nanoparticle associated with the silica shell.
Similar results have been observed on the polystyrene-coated
MnFe,O, MNPs.’ The increasing of coercivity is a consequence
of the change of the magnetic dipole coupling interaction after
silica shell coating. The silica shell encapsulating on the particle
surface screens and decreases the magnetic dipole coupling
interactions between neighboring MNPs. These observations
are consistent with reports from Bertram et al., who reported
that strong dipole coupling interaction tends to assist magnetiza-
tion reversal, thereby reducing the coercivity value from hysteresis
loops measurement.*’

In order to further study the nature of the magnetic dipole
coupling interaction between CoFe,O4 FMNPs, the isothermal
remanent magnetization (IRM) and dc demagnetization (DCD)
were measured by applying a successively larger field to the
initially ac demagnetized sample and a successively larger reverse
field to the previously saturated sample. The nature and strength
of the magnetic interaction among the particles were determined
from the established AM technique: AM =My — (1 —2M,), where
M is the dc magnetization remanence and M, is the isothermal
remanence. For noninteracting MNPs, AM should be zero at any
value of applied field. Deviations of AM curves from zero are
interpreted as a result of magnetic coupling interactions between
MNPs.?! When dipole coupling interaction among the randomly
dispersed MNPs are settled, magnetic disorder is induced and
the remanent magnetization after saturation is smaller than
that corresponding to the initial demagnetized state, leading to
AM < 0. Figure 6b shows the AM curves of CoFe,O4 MNPs
before and after silica coating. A negative peak with a value of
—0.5 is present for the oleic acid-protected CoFe,O4 nanopar-
ticles, indicating a strong dipole coupling interaction between
nanoparticles that assists magnetization reversal of the assem-
bly of MNPs. Similar results were reported for ferromagnetic
FePt nanoparticles.”” As shown in Figure 6b, the AM peak
value becomes —0.1 upon coating the nanoparticles with a
10 and 20 nm silica shell. The change in the AM value is a
consequence of a reduced magnetic dipole coupling interac-
tion, which depends strongly on interparticle distance. The
decreasing of dipole coupling interaction as observed from AM
curves is also consistent with the increase of coercivity after
silica coating as observed from the hysteresis loops. Thus, the
silica coating of ferrimagnetic CoFe,O4 MNPs with controlled
shell thickness enables one to tailor the magnetic dipole
coupling interactions between the nanoparticles, which is
essential to the development of MNP recording media with
improved areal density.

Conclusion

In summary, we have successfully developed a method for
creating a uniform silica coating of a controlled thickness around
individual 18 nm ferrimagnetic CoFe,O4 nanoparticles. PAA
formed complexes with the ferrimagnetic nanoparticles and
subsequently ionized to form stable complexes that were readily
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dispersible. This step was critical to prevent magnetically induced
aggregation of the FMNPs by using charge repulsion. The
monodisperse particles can be encapsulated with uniform silica
shells (with a controlled thickness) around each individual parti-
cle. The silica-coated particles form stable dispersions in polar
solvents, and the thickness of the oxide shell can tune the
interparticle magnetic dipole coupling interaction. This method
enables the formation and solution processing of MNPs with
tunable magnetic properties for a broad range of magnetic
applications including storage and sensors.
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